cid dreaming" (lucid), and "non-lucid REM sleep" (REM) of at least 70 s duration. Epochs analyzed were controlled for time of night. All data were corrected for ocular artifacts using the Gratton et al. algorithm 6 before statistical analysis. If, following this correction procedure, eye movements were still detectable upon visual inspection, these epochs were excluded from further analysis. A bandpass filter was applied (0.5-70 Hz) and a notch filter set at 50 Hz. The filtered signal was baseline corrected (range for mean value calculation = 0-4 s) and subjected to an automatic artifact rejection procedure (maximum allowed voltage step = 50 µV, maximum and minimum amplitude = ± 200 µV, maximum allowed absolute difference of values in the segment = 200 µV, lowest allowed activity = 0.5 µV).
Waking and REM sleep EEG was scored visually according to Rechtschaffen and Kales. 7 Power and coherence analyses were performed using Brain Vision Analyzer software (Version 2.0, Schwarzer, Munich, Germany) and results were graphically rendered using TEMPO (http://code.google.com/p/tempo/) and ROOT (http://root.cern.ch).
Power Analysis
Power analyses based on the Fast Fourier Transform (FFT, Hanning windowing) inform about state-specific variations in activity within a given frequency band of the EEG. For data analyses, EEG records were partitioned into 4s epochs with 2s overlap. Statistical analyses were performed for standardized FFTs, to facilitate between-subject comparisons. Standardization was achieved through normalization of power over the 0.5-70 Hz range, yielding the relative distribution of activity on the individual spectral lines. Hence, for each epoch of the EEG, the sum of power values from all frequency bins equals 100%. Mean standardized power values were analyzed in the following frequency bands: δ (1-4 Hz), θ (4-8 Hz), α (8-12 Hz), β 1 (12-16 Hz), β 2 (16-20 Hz), γ 1 (20) (21) (22) (23) (24) (25) (26) (27) (28) , γ 2 (28-36 Hz) and γ-40 Hz (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Power was also analyzed for different regions of interest (ROI), namely frontal, frontolateral, central, temporal, occipital, and parietal areas.
coherence Analysis
Interelectrode normalized cross power (coherence) provides a measure for large-scale neuronal synchronization patterns. Coherence analysis is also based on standardized FFTs (Hanning windowing) of 4s non-overlapping epochs and frequency bands δ, θ, α, β (12) (13) (14) (15) (16) (17) (18) (19) (20) , and γ-40 Hz. Since different inter-electrode ranges may be functionally relevant with respect to levels of conscious processing, 8,9 electrode couples were grouped into short (inter-electrode distance: 3-10 cm), middle (10-15 cm), and long range (> 15 cm) pairs. Inter-electrode distance was measured along the scalp. As with power, coherences were analyzed for different ROIs: frontal, frontolateral, frontocentral, temporal, temporoparietal, and occipitoparietal. Coherence effects were investigated on coherence values corrected for volume conduction effects, using the procedure proposed by Nunez et al. 10, 11 This correction mainly readjusts the short-range coherences among neighboring electrodes inflated by volume conduction.
Power and coherences of current source densities
Recent studies suggest that event-related EEG activity in the 40-Hz frequency band in waking is strongly influenced by ocular micro-saccades 12, 13 and EMG activity. 14, 15 Although it is presently not yet clear if this finding can be generalized to steady-state EEG recordings, in particular during sleep, caution dictates to explore other more robust analysis methods. Besides the EEG scalp potentials, we have, therefore, repeated our analyses on the current source densities (CSD).
16 Extensive experimental and theoretical investigations of CSD, also known as scalp current densities (SCD), have demonstrated that this quantity is, by construction, free of reference artifacts, 10,17 suppresses volume conduction very effectively for electrode spacings larger than about 3 cm, 18, 19 and has better localization than the raw EEG potentials. 20, 21 At present, CSD are considered to be largely immune to artifacts due to micro-saccades.
22 CSD were derived from the measured EEG electrode potentials by first applying a spherical spline interpolation (order of splines = 4, max. degree of Legendre polynomials = 10, λ = 10 -5 ) followed by the calculation of the Laplacian, which, being based on 2 nd -order spatial derivatives, naturally takes out any reference electrode dependence.
17 Furthermore, it has been shown that this method is applicable even with a small number of electrodes. 23 The CSD were Fourier transformed, like the scalp potentials. Both, average power and coherence of the CSD signal were then calculated for specified frequency bands. This implies that an additional correction for volume conduction is not necessary.
In the following, we will discuss results based on the scalp potential (POT) and support them with the corresponding results from CSD analyses.
resuLts

Lucidity induction and detection
Of the 6 participants tested, 3 subjects (1 m age 22, 2 f ages 23 years) were each able to become lucid once in the laboratory setting. All 6 subjects were very sensitive to sound and light. This heightened sensitivity may have been a characteristic of our subjects but unrelated to lucid dreaming. As a result of it, however, it was not possible to induce lucidity with dedicated devices, either those which are commercially available (e.g., the REM dreamer), or those of our own design. These devices rely on emitting specific light or sound signals, and only led to arousals and awakenings but not to lucidity in our subjects. The 3 recorded lucid episodes in our sample refer to spontaneous lucid episodes that occurred as a result of autosuggestion but not custom-made induction devices. Two of the participants used ear plugs (Ohropax).
Subjects were trained to signal lucidity by horizontal eye movements. Since the eye signal (L-R-L) recommended in the literature 1 resulted in frequent false positive events in the first subject tested (data not analyzed), participants were trained to signal lucidity by a more reliable pattern of sequential horizontal eye movements, consisting of ≥ 2 sets of eye movements separated by a brief pause. Subjects were asked to repeat this pattern several times during the lucid episode. Figure 1 shows recordings of typical repetitive eye movements carried out in waking and lucid dreaming. By contrast, the involuntary eye movements characteristic of REM sleep are of much lesser amplitude and more random in pattern. The amplitude of the REM sleep eye movements in Figure 1 appears relatively low only as a result of scaling to accommodate the larger amplitude of voluntary eye movements in lucid dreaming.
In all 3 subjects who achieved lucidity in the laboratory, this occurred in the morning hours during one of the first 2 nights and not thereafter. Subjects who were able to achieve lucid control dreams either woke spontaneously (subjects 1 and 3) or were awakened at the termination of the REM period (subject 2). In the latter case, the REM period terminated within 1 min after the subject gave her last lucid eye signal. Lucidity was confirmed subjectively by a free report upon awakening. It is difficult (impossible) to indicate the duration of lucidity with precision. In future studies, it might be useful to instruct subjects to signal out as soon as they become lucid and again at time-estimated one minute intervals thereafter. Figure 2 shows power averaged across all electrodes as a function of frequency for the 3 states wake with eyes closed (WEC), lucid, and REM. The graph illustrates that power in lucid dreaming is REM-like in lower frequencies and rises above REM sleep at higher frequencies, commencing at around 28 Hz and peaking at 40 Hz. This effect is evident with both, POT and CSD. Compared to waking, power in frequencies 1-8 Hz, i.e., in frequency bands δ and θ, is increased in lucid dreaming and REM sleep. By contrast, power in the α band (8-12 Hz) is distinctively and selectively elevated in waking. This increase in α power seen clearly in Figure 2 is typical for the state of waking with eyes closed. Both, the higher δ and θ activity and the lower α power are evidence that lucid dreaming occurs in a state of sleep. The increase in higher frequency power during lucid dreaming compared to REM sleep shows that lucid dreaming differs from REM sleep and that lucid dreaming constitutes a unique, hybrid state of sleep.
Power
For statistical analysis, single-subject MANOVAs were calculated on mean power values averaged across all electrodes and epochs for each frequency band. STATE (WEC, lucid, and REM) was the independent variable. Statistical analysis was based on equal sample sizes in each state (subject 1: 374 s = 186 epochs, subject 2: 94 s = 46 epochs, subject 3: 70 s = 34 epochs). Between-state effects were further analyzed with Bonferroni post hoc procedures or t-tests.
Main effects for STATE with large effect sizes were found for all subjects, both with POT and CSD (see Table 1 ). Furthermore, analyses on both signals showed lucid dreaming to have REM-like power in lower frequency bands δ and θ, and , and back to a central position (C). Eye movements in lucid dreaming are systematic, repetitive, and more pronounced than in REM sleep. Low EMG tracings are found in lucid dreaming and REM sleep, highlighting the muscle relaxation common to both states. Mean EMG amplitude for lucid dreaming and REM sleep showed no systematic variability between the 2 states. Subject 1 gave 3 repetitive eye signals. Subjects 2 signalled 4 times and subject 3 three times repetitively. Besides the already mentioned finding (see Figure 2 ) that lucid dreaming is higher in lower-frequency and lower in highfrequency power than waking, Figure 3 (left frames) shows that for lucid dreaming and waking, all ROIs in the relevant frequency bands δ, θ, and γ-40 Hz are similarly activated, displaying no state-specific pattern. Accordingly, contrasts calculated for each ROI between the 2 states (t-tests) show no effects that are consistent for all 3 subjects. By contrast, when we compare lucid dreaming and REM sleep ( Figure 3 , right frames), we see a diverging pattern in the 40-Hz band (yellow shading), both, for POT and CSD ratios. The largest state-related difference in ROIs occurs frontolaterally and frontally, showing significantly elevated power in lucid dreaming (see caption Figure 3 ). significantly increased activity in high frequency bands γ 1 (P < 0.05 in 2 subjects), γ 2 (P < 0.01 in 2 subjects), γ-40 Hz (P < 0.05 in all subjects). CSD slightly differed from POT analysis in significance levels for δ and θ, with θ being REM-like for all subjects in CSD power vs. only 2 subjects in POT power. The reverse was true for δ power. However, we attribute this discrepancy to the large power values in these frequency bands, where relatively small differences lead to significant statistical effects. As is evident from Figure 2 , power values in the respective frequency bands are very much alike in lucid dreaming and REM sleep (for individual values, see Table 2 ).
Localization of effects
For a demonstration of state-related differences at specific ROIs on the scalp, the complete frequency spectrum at each ROI is plotted as power ratios between wake and lucid dreaming Frequency resolution is 4 Hz. Statistics for the contrasts between lucid dreaming and REM for frontal and frontolateral ROIs, listed in succession for subjects 1, 2, and 3: frontolateral POT power: P < 0.01, t = 11.86, 27.86, 7.02, df corr = 234.46, df = 90, df corr = 57,44; frontolateral CSD power: P < 0.01, t = 17.31, 15.59, 9.07, df corr = 280, df = 90, df corr = 53.69. Frontal POT power: P < 0.01, t = 12.54, 24.71, 9.17, df corr = 307, df = 90, df corr = 59.11; frontal CSD power: P < 0.05, t = 11.25, 8.27, 2.41, df = 370, df corr = 61.14, df = 66. (T3-T4, T3-T5, T3-T6, T4-T5, T4-T6, T5-T6); temporoparietal  (T3-P3, T4-P4, T5-P3, T6-P4, T3 -Pz, T4-Pz, T5-Pz, T6-Pz); and occipitoparietal (O1-P3, O2-P4, O1-O2, P3-P4, O1-Pz, O2-Pz). n.s. = not significant, n.a. = not applicable.
the descriptive finding that short range coherences were uniformly increased across all states (see Figure 5 ).
regional differences
Similar to the results from general coherence analysis, splitting selected electrode pairs into ROIs (frontal, frontolateral, frontocentral, temporal, temporoparietal, occipitoparietal) yields a global difference between states, especially between lucid dreaming and REM sleep. As Figure 6 shows, coherences in lucid dreaming are strongest in frontal and frontolateral ROIs. This is similar to waking, except that in waking, we also see a strong occipitoparietal synchronicity which is strongest in the alpha band. By contrast, we cannot discern any ROI differentiation in REM sleep coherences.
Single subject MANOVAs with STATE (3) and SITE (6) as independent variables and mean coherence values in each frequency band as dependent variables confirm the described state-dependent differences in overall coherence levels at distinct ROIs. Besides the already established effect for STATE, we found significant effects for SITE and the STATE × SITE interaction (see Table 1 ). In light of our observation that between-state differences in coherences occur on a global level and do not appear frequency specific, we looked at differences in ROIs across all frequency bands. Since coherences based Since the most uniform increase in upper frequency activity was observed for γ-40 Hz, Figure 4 illustrates the topographic representation of the overall increase in γ-40 Hz activity in lucid dreaming compared to non-lucid REM sleep (P < 0.001) in a single subject.
To summarize, the findings on power suggest that lucidity occurs in a hybrid state with some features of REM (δ and θ) and some features of waking (γ) and that the frontal and frontolateral regions of the brain play a key role in gaining lucid insight into the dream state and agentive control.
coherence: short-vs. Middle-vs. Long-range effects
Coherences were analyzed to test if synchronization in waking, lucid dreaming and REM sleep differed in the degree of inter-scalp networking.
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As can be seen from Figure 5 , short range coherences were larger than middle and long range values in all three states. The absence of state-related differences suggests that differences in long range coherences compared to medium and short range coherences cannot account for the change in consciousness.
Coherences in waking were elevated in the α frequency band. For CSD, coherences were even highest for the α band. A peak in this frequency band is typical for WEC 21 and was not present in either lucid dreaming or non-lucid REM sleep. This finding is consistent with the results for power and clearly distinguishes lucid dreaming from waking.
Compared to lucid dreaming, REM sleep is characterized by a broad decrease of coherences in all frequency bands analyzed. As can be seen from Figure 5 , different results were obtained for high frequency coherences with the POT and the CSD method. In WEC and lucid dreaming, POT data show a steady increase of coherences throughout the γ band. By contrast, coherence values based on CSD remain at a uniform level with the exception of elevated coherences in the δ and θ bands.
For statistical analysis, MANOVAS were conducted for each subject with STATE (WEC, lucid, REM) and RANGE (short, middle, and long range) as independent variables and frequency band as dependent measures. With both analysis methods, POT and CSD, the main effects for STATE and RANGE were significant for all 3 subjects (see Table 1 ). Although in Figure 5 , coherences in waking and lucid dreaming appear very similar, single-subject statistical analysis shows waking coherences to be higher than in lucid dreaming for α, β, and the 40-Hz band with both, POT and the CSD method. Coherences in the δ frequency band are wake-like in lucid dreaming.
With regard to RANGE, post hoc comparisons revealed significantly higher values for short range than middle and long range coherences in all frequency bands with both, POT and the CSD method, for all three subjects. Long and middle ranges were not significantly different.
The STATE × RANGE interaction was significant for POT in one subject but not for CSD. The effect size for the single effect established with the POT analysis was negligible, confirming Lucid Dreaming-Voss et al > value to the left is significantly bigger or smaller (<) than value to the right. ** = P < 0.01; * = P < 0.05, Bonferroni post hoc procedures. First rows (POT) refer to power values extracted from the raw signal, rows labelled "CSD" list power values of the current source densities. POT = scalp potentials; CSD = current source densities; WED = wake with eyes closed literature reports. 24,25 By contrast, the high level of synchronization observed in lucid dreaming shows that this state is characterized by wake-like inter-scalp networking, including high-frequency bands. The high synchronization in the α band observed only in waking, clearly distinguishes lucid dreaming from waking, however, and marks lucid dreaming as a hybrid state. As with power values, the hybridicity of lucid dreaming is most pronounced in frontal and frontolateral coherences.
discussion
Methodological issues
We were surprised to find that while dream lucidity may commonly occur in home settings, it is not easily transferable to the sleep laboratory. Of our initial group of 20 subjects who claimed that they experienced lucidity at least twice a week, only three achieved lucidity in the laboratory, and they achieved it only once. Since our subjects were highly motivated and carefully monitored, we are reluctantly forced to conclude that lucid dreaming is fragile and not easy to study in the laboratory. This makes it all the more important to evaluate our hard-won data critically.
Were our subjects really lucid? The eye movement sequence adopted by us to detect voluntary signals is more complex a code than that which was previously described. We changed our criteria to avoid what appeared to be false positive patterns in our first subject (not analyzed here).
To assure ourselves that our subjects really were making voluntary signals, we adjusted the amplitude of our EOG recordings to reveal the high voltage deflections associated with intentional horizontal movements. This fact, in addition to the post-awakening confirmation of subjective experience, strengthens the interpretation of our findings. The persistence of low EMG voltage, the diminished α-power and coherence, and the REM-like power in lower frequency bands δ and θ are evidence that our subjects were still asleep when they became lucid.
When we compare results for power and coherences, we find consistent effects for the α band in waking and for the θ band in lucid dreaming. The increased activity in higher frequency power observed during waking and lucid dreaming was also observed for coherences based on POT but not on those derived from CSD. Since, at this point, we do not know whether the discrepancies between results based on POT and CSD are related to over-or undercorrection of one of these methods, we chose to discuss only those results that are evident from both procedures. With both methods, we observe a substantial increase of coherence levels in lucid dreaming compared to REM sleep.
Lucid dreaming as a hybrid state
Our new data help us to resolve a controversy regarding the relationship of lucidity to REM sleep. In previous work, it has been asserted that because lucidity usually emerged from REM sleep dreaming, that lucidity was a REM sleep phenomenon. Our results suggest, instead, that lucidity occurs in a state with on POT and CSD differ substantially, we will report only the relevant statistics on CSD because they represent the more reliable signal. Consistent for all subjects were the larger-thanwaking coherences in lucid dreaming at the frontolateral ROI and the larger-than-REM coherences in lucid dreaming at the frontal ROI.
In conclusion, lucid dreaming coherences are quite similar to waking without the waking peak in the α frequency band. In REM sleep there was no increase in δ or θ coherences relative to waking as there was for power. Instead, across all frequencies, REM sleep coherences were decreased, evidence of a large scale desynchronization that is consistent with the global increase in EEG coherence compared to REM sleep may be signs of a distinctive neurophysiology.
Lucidity and the AiM Model
This hybridicity interpretation relates to our 3D AIM model of brain-mind-state which explains state differences dimensionally and categorically. 26 The AIM model plots Activation (A) Input-output gating (I) and chemical Modulation (M) as the x, y, and z dimensions of a 3D state space. Our underlying assumption is that brain-mind-state is never static. Instead, it is dynamic and the state of the brain-mind is constantly changing. Another assumption is that the state space described by AIM has an infinite number of subregions which far exceeds what we now consider to be cardinal states like waking, NREM and REM sleep. Lucid dreaming is one of them. Others include diminished levels of waking consciousness including coma and the so-called mental illnesses, especially those mood disorders already known to be characterized by changes in sleep.
features of both REM sleep and waking. In order to move from non-lucid REM sleep dreaming to lucid REM sleep dreaming, there must be a shift in brain activity in the direction of waking. This is what we mean by "hybrid" and this interpretation is of crucial importance to our hypothesis that lucid dreaming is of particular importance to studies of consciousness.
We assert that REM sleep dreaming is non-lucid in that the dreamer mistakenly concludes that he or she is awake whereas in fact, he or she is asleep. The reason for this delusional error could be the persistent inactivation of frontal and parietal cortical circuits necessary for waking memory, self-reflective awareness, and insight. In lucid dreaming, self-reflection arises and augments so that the dreamer recognizes that he is not awake but asleep. In our view, something must have changed the underlying brain physiology such that self-reflection, voluntary control and other characteristics of waking come to be associated with the subjective experience of dreaming. We submit that the observed increases in frontal lobe 40-Hz power and for POT but not for CSD. Although coherences in β and 40-Hz frequency bands reached waking levels in two subjects for CSD, however, inspection of the complete frequency spectrum suggests a uniform increase in networking rather than a frequency-specific one. Such a specific increase would support theories linking 40-Hz synchronization with perceptual binding [27] [28] [29] and the integration of cognitive processes. [30] [31] [32] By restricting the discussion to the CSD results, we may be disregarding an existing effect (β-error). However, it may also be that previously published results on 40-Hz binding were influenced by artifacts from concurrent noncortical activity as, for example, micro-saccades or EMG. Regardless of a possible frequency-specific effect in the 40-Hz band, the finding that networking in lucid dreaming differs distinctly from that in REM sleep further documents the hybrid character of lucid dreaming, with REM-like features in lower frequency band power and wake-like synchronization across all frequency bands.
regional differences
Our new results beg comparison with recent imaging studies which show that compared to waking, REM sleep is characterized by diminished activation of the dorsolateral prefrontal cortex (DLPFC). [33] [34] [35] [36] Since the DLPFC is thought to be the site of executive ego function, it has been suggested that the loss of volition, self-reflective awareness, and insight that is typical of normal dreaming, may be related to DLPFC inactivation. In lucid dreaming, these psychological functions return leading to the prediction that lucid dreaming will involve reactivation of the DLPFC. 37 Our EEG data do not permit us to test this hypothesis because EEG measures are not highly localized. We consider it significant, however, that the coherence increases we observed are clearly frontal and look forward to putting our subjects in the PET scanner to obtain data regarding the DLPFC hypothesis.
Since submission of this manuscript we have become aware of an fMRI study of lucid dreaming 35 which reports that in addition to the DLPFC activation predicted by us, 34 a widely distributed cortical network including frontal, parietal, and temporal zones, corresponding to the uniquely human expansion over the macaque, was activated when subjects became lucid.
We are tempted to interpret this finding as evidence that the substrate of what Edelman 38 calls secondary consciousness is turned on and conveys the many aspects of waking consciousness that characterize lucidity.
conclusion
Our findings indicate that when subjects become lucid, they shift their EEG power, especially in the 40-Hz range and especially in frontal regions of the brain. We emphasize that this shift is, in part, a consequence of pre-sleep autosuggestion indicating that REM dream consciousness, which is largely automatic, i.e., spontaneous, involuntary, and intrinsic, is par-
Lucidity and consciousness
Differences between REM sleep and lucid dreaming were most prominent in the 40-Hz frequency band. The increase in 40-Hz power was especially strong at frontolateral and frontal sites. These results suggest that 40-Hz activity holds a functional role in the modulation of conscious awareness across different conscious states.
We also found evidence of heightened cortical networking, across short as well as middle and long ranges for all frequency bands, suggesting a large increase in global networking. A selective rise in 40-Hz binding (based on EEG) was observed Lucid Dreaming-Voss et al > value to the left is significantly bigger or smaller (<) than value to the right. ** = P < 0.01; * = P < 0.05, Bonferroni post hoc procedures. POT = scalp potentials; CSD = current source densities; WED = wake with eyes closed
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tially subject to volitional force. Our speculative hypothesis is that dream lucidity arises when wake-like frontal lobe activation is associated with REM-like activity in posterior structures. 
AbbreviAtions
CSD POT
Figure 6-Grand averages for coherences at selected regions of interest (ROIs) based on POT (top) and CSD (bottom). F = frontal (10 electrode pairs), FL = frontolateral (6 pairs), FC = frontocentral (8 pairs), T = temporal (6 pairs), TP = temporoparietal (8 pairs), OP = occipitoparietal (6 pairs). Statistics for the larger-than-waking CSD coherences at the frontolateral ROI: P < 0.05, t = 6.20, 2.90, 2.18, df = 18 for subjects 1, 2, and 3. Statistics for the larger-than-REM CSD coherences in lucid dreaming at the frontal ROI: P < 0.05, t = 9.12, 2.96, 6.53, df = 14. Note that only CSD was analyzed statistically (see text). Standard errors are indicated by vertical bars for the frontolateral ROI. Frequency resolution is 4-Hz. POT = scalp potentials; CSD = current source densities; WED = wake with eyes closed
